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Abstract In 2007, a companion with planetary mass was found around the pulsating subdwarf B star V391 Pegasi with the timing method, indicating that a previously undiscovered population of substellar companions to apparently single subdwarf B stars might exist.
Following this serendipitous discovery, the EXOTIME 1 monitoring program has been set up to follow the pulsations of a number of selected rapidly pulsating subdwarf B stars on time-scales of several years with two immediate observational goals: 1) determineṖ of the pulsational periods P 2) search for signatures of substellar companions in O−C residuals due to periodic light travel time variations, which would be tracking the central star's companion-induced wobble around the center of mass.
These sets of data should therefore at the same time: on the one hand be useful to provide extra constraints for classical asteroseismological exercises from theṖ (comparison with "local" evolutionary models), and on the other hand allow to investigate the preceding evolution of a target in terms of possible "binary" evolution by extending the otherwise unsuccessful search for companions to potentially very low masses.
While timing pulsations may be an observationally expensive method to search for companions, it samples a different range of orbital parameters, inaccessible through orbital photometric effects or the radial velocity method: the latter favours massive close-in companions, whereas the timing method becomes increasingly more sensitive towards wider separations.
In this paper we report on the status of the ongoing observations and coherence analysis for two of the currently five targets, revealing very well-behaved pulsational characteristics in HS 0444+0458, while showing HS 0702+6043 to be more complex than previously thought.
Keywords Stars: subdwarfs, oscillations, evolution, planetary systems, individual: HS 2201+2610, HS 0702+6043, HS 0444+0458.
Note: This paper contains the content of three contributions originally presented as
• Status report on the EXOTIME program • EXOTIME photometric monitoring of HS 0444+0458
• EXOTIME photometric monitoring of HS 0702+6043.
Introduction
WhileṖ measurements exist for a number of pulsating white dwarfs (e.g. Kepler et al. 1991 Kepler et al. , 2000 Kepler et al. , 2005 Costa, Kepler, and Winget 1999; Costa and Kepler 2008; Mullally et al. 2008) , similar measurements have only been published for one pulsating subdwarf B star so far, V391 Pegasi (hereafter HS 2201+2610).
HS 2201+2610 was first discovered to be a rapidly pulsating subdwarf B star by Østensen et al. (2001a) . Silvotti et al. (2002 Silvotti et al. ( , 2007 were able to deriveṖ values for the two strongest pulsation modes, and found an additional pattern in the O−C diagrams that revealed the presence of a giant planet in a 3.2 year orbit. Additional slow pulsations were subsequently reported by Lutz et al. (2009b) .
From theoretical considerations, both the rapid pmode as well as the slow g-mode oscillations should be very stable in the pulsating subdwarf B stars (stable in phase, i.e. coherent over time scales of many years, as well as stable in amplitude) due to the identical underlying driving: a κ mechanism acting on the Z bump. Time dependency of phases and amplitudes can however be introduced through nonlinear effects; the resulting mode coupling then starts to invalidate the initial simple assumption. It is therefore crucial to identify target stars that show a stable behaviour.
Under the right conditions, this provides the possibility to obtain meaningful results from long-term photometric monitoring of rapidly pulsating sdB stars: It allows to search for slow changes in pulsation periods due to evolutionary effects, testing the time scales in sdB evolutionary models, and may be used as an additional constraint for sdB asteroseismological models. It also allows to use the star as a clock that provides a regular timing signal, which can be exploited to search for small periodic deviations from the mean pulsation maxima arrival times. Such periodic deviations can be caused by a varying light travel time and may hence indicate a wobble of the pulsating subdwarf B star's location due to one or more low-mass companions, as is the case for HS 2201+2610. This timing method is sensitive to planetary masses and large period ranges not easily accessible with other methods.
Given the observational efforts required, the detection rate of low-mass companions in wide orbits is surprisingly high so far. Besides timing of pulsations (Silvotti et al. 2007) , timing of the sharp eclipses in HW Vir type systems has been used to detect tertiary bodies (Lee et al. 2009; Qian et al. 2009 ). Furthermore, Geier et al. (2009 have even successfully employed the radial velocity method to detect a close substellar companion to HD 149382. As it has been suggested that the influence of substellar companions or large planetary companions may be decisive for the evolution of subdwarf B stars (see Discussion in section 6), the EXOTIME program has been set up to find more such objects. We discuss the target selection in section 2. However, as amplitude variations have repeatedly been reported in sdB pulsators (e.g. Kilkenny 2010), it is crucial to carefully check the stability of the targets first of all. This contribution mainly discusses the current status of these investigations for two of our objects, HS 0444+0458 and HS 0702+6043 (section 3).
HS 0444+0458 was first discovered to pulsate by Østensen et al. (2001b) , and has been further characterised by Reed et al. (2007) . Rapid oscillations were discovered in HS 0702+6043 by Dreizler et al. (2002) , simultaneous slow oscillations were reported by Schuh et al. (2006) . The on-going EXOTIME observations for HS 0702+6043 have also previously been summarised by Lutz et al. (2008b Lutz et al. ( , 2009a .
Observational Data

Target selection
Similar to the criteria applied when first selecting HS 2201+2610 for long-term monitoring, we considered two sets of characteristics to choose further targets. The first set concerns the pulsations: frequencies, amplitudes and phases are obviously required to be stable over long periods of time. Although there are early indicators if these criteria are not fulfilled, it should be clear these properties can only be truly verified, in particular for the phases, from long-term monitoring data in hindsight (see Section 3).
Using target properties partly taken from Reed et al. (2007) , we selected candidates with few but preferably more than one or two frequencies, in order to be able to fully resolve the frequency spectrum during short individual runs while also retaining the possibility to obtain an independent O−C measurement from each individual frequency. For the amplitudes we leaned towards medium values, avoiding, where possible, very small amplitudes which would have S/N issues, as well as very large ones where one might have to start worrying about non-linearity effects.
We also used Reed et al.'s listing to consider the amplitude stability criterion given by Christensen-Dalsgaard, Kjeldsen, and Mattei (2001) , which for oscillations similar to solar-like ones identifies the stochastically excited pulsations. While this quantitative distinction for the underlying type of driving has, not surprisingly at all, been previously shown inadequate for the opacity-driven subdwarf B pulsators, we still found it helpful to restrict our list of objects to those with σ(A)/ A < 0.5. We took this as a purely observational value that overall should favour the more stable pulsators.
The second set of selection criteria was concerned with more practical questions, looking for the brighter ones of the available candidates and including preferentially northern hemisphere targets. Compromising between all of these considerations, we selected the objects in Table 1 as the initial list of targets to be observed.
Observations
Due to not only the different magnitudes and pulsation amplitudes as well as the spatial distribution of the targets, but also due to the long-term nature of the project and the changing availability of telescopes, the observations in the data bases for our target objects come from a variety of sites, instruments, and observers. The bulk of observations for HS 2201+2610 have been published with extensive observing logs by Silvotti et al. (2002 Silvotti et al. ( , 2007 . Further data is still being collected and analysed in order to confirm the future evolution in the O−C diagram as predicted from the known orbital motion, as well as to search for possible further companions at different orbital periods.
The two other targets with the best coverage so far (after HS 2201+2610) are HS 0702+6043 and HS 0444+0458. For these two targets, the full observing logs up to date are provided in Table 4 (HS 0444+0458) and Table 5 (HS 0702+6043), respectively. The observations available for these two targets come from telescopes ranging from 0.5 m to 3.6 m in aperture, and were all obtained with CCD detectors, almost all of the time through B filters, and with exposure times between 5 s and 40 s.
We note that the observations for HS 0702+6043 comprise a very large and very high-quality data set obtained by Green et al. in 2007 Green et al. in /2008 ("Mt. Bigelow data set") primarily for asteroseismological purposes, which is presented in detail by Francoeur et al. (2010) elsewhere in this issue. We include and examine it here exclusively under the aspect of long-term changes. 
Data reduction
Light curves were extracted from (bias-, dark-and flatfield-corrected) CCD frames with aperture photometry packages, usually directly by the observers. Relative light curves were obtained using a prescribed set of reference stars for each target. We then applied an extinction correction to the relative light curves using loworder polynomials. The timestamps of observations are given at mid-exposure, and were barycentrically corrected as well as corrected for leap seconds. The BJD is stripped of the leading 24 and therefore appears as "Reduced" Julian Date in the figures (BRJD). The normalised relative intensities were given weights 1/σ 2 res according to the local residual intensity scatter. The subsequent analysis of the weighted light curves was done using Period04 by Lenz and Breger (2005) . The errors for any frequencies, amplitudes, phases derived for various subsets of the data were calculated according to the prescription by Montgomery and O'Donoghue (1999) .
Coherence
Photometric monitoring of HS0444+0458
We use the six-night data set from TNG in August 2008, which is the longest individual observing run and the one with the highest S/N available for HS 0444+0458, in order to examine the short-term stability of the two main pulsations in this star.
The frequencies used in this exercise were derived from the full data set, the values are as listed in Table 2. Keeping these frequencies fixed, we re-derived the best mean amplitude for the overall TNG data set, as well as the mean phase. Keeping both the frequencies and the amplitude fixed, we then turned to the individual nights to re-determine the phasings. The differences between the mean phase and the nightly phasings were converted into time lags, and the errors propagated from the error of the mean phase and the errors of the nightly phasings. The results for the frequencies f1 and f2 are shown in Fig. 1 and Fig. 2 .
There are no serious discontinuities in the phases of the pulsations that would have to be attributed to instabilities in the pulsational behaviour of HS 0444+0458; all deviations are consistent with the uncertainties ex- pected from the measurement uncertainties alone (short individual runs equal relatively large uncertainties in the phasing compared to phasings derived from an ensemble of several nights, as used for the construction of long-term O−C diagrams).
The reasonably flat O−C diagrams therefore show that HS 0444+0458's pulsations are coherent on this time scale. Extrapolating this result at the given overall frequency precision, the cycle count remains reliable during the 2-3 month gaps in between the data sets obtained for HS 0444+0458.
Similarly, Fig. 3 and Fig. 4 show the degree of variation in the amplitudes for f1 and f2 from night to night during the TNG run. 
Photometric monitoring of HS 0702+6043
The coherence and amplitude stability in HS 0702+6043 were tested in two independent different data sets.
The first data set consists of eight nights of data obtained at Calar Alto in 2005. The two main rapid pulsations were recovered at the values given in Table 3 (compare also Lutz et al. 2008a) . They were used in the same way as in the previous section to construct O−C diagrams ( Fig. 5 and Fig. 6 ) as well as to investigate the amplitude stability ( Fig. 7 and Fig. 8 ) for f1 and f2 in HS 0702+6043.
Despite the longer data set and higher S/N (due to both a brighter target and higher pulsation amplitudes) and hence smaller error bars, the phases in HS 0702+6043 appear more scattered than in HS 0444+0458, and the amplitude in particular for the main frequency f1 significantly less stable.
The second data set comprises the core 60 nights of the Mt. Bigelow run (see Francoeur et al. 2010 for the frequency analysis). The most immediate and notable result from this data set is that HS 0702+6043 shows a lot more frequencies both in the p-as well as in the g-mode domain than previously published.
We treated the data independently as above to obtain near-continuous O−C diagrams spanning more than 100 days for f1 and f2 (Fig. 9 and Fig. 10 ) as well as diagrams of the evolution of the corresponding pulsation amplitudes (Fig. 11 and Fig. 12 ) during this time. The results for the amplitude variation confirm those obtained by Francoeur et al. (2010) .
All of these figures reveal a rather complex behaviour that needs to be discussed in detail. The O−C diagram for f1 shows a significant trend which looks more or less linear (which is also seen in the associated amplitude). Normally this would be a telltale sign for a mean frequency chosen at a slightly wrong value, which can be corrected to subsequently get rid of the trend. However, all attempts to "improve" the frequency have so far proven unsuccessful to eliminate this trend (a result consistent with the mean solution for the full 2004-2009 data), so it must represent a higher-order effect.
The O−C diagram for f2 shows an even more complex behaviour, with roughly oscillatory shape (with a very similar evolution in the amplitude), indicative of beating. With less than two full "beating cycles" covered even by this very extensive data set, however, the hypothetical multiplet structure potentially generating this beating still cannot be adequately resolved.
It is worth noting that the O−C diagrams and amplitude variation results do not change when increasingly more frequencies are included simultaneously in the analysis (up to 18 frequencies tested); this does not include, however, hypothetical additional very close frequencies within the frequency resolution of frequencies already considered.
It would therefore be tempting to claim that this data set reveals first indications for what the EXOTIME program is, after all, looking for: drifts or even periodic residuals in the O−C diagrams that can only be explained by the influence of substellar companions. However, at most one of the trends in the O−C diagrams could be attributed to one or more unseen companion, as the light travel time would have to change in exactly the same way and with exactly the same amplitude for all pulsations, independently of their other properties. Such a similarity in the patterns of the O−C diagrams for different pulsations has however not been uncovered in this analysis so far, and all remaining irregularities would still have to be explained differently. In the meantime, it remains unclear if external effects (including unresolved close frequencies) causes these features or if the pulsations truly drift very slowly in amplitude, phase or period.
Finally, the fact that the O−C diagrams for the much shorter Calar Alto data alone does not look so bad (although not as good as that for HS 0444+0458) by itself, while the O−C diagrams for the much longer continuous Mt. Bigelow data set proves the star's pulsations to be much more complicated, reminds us that all conclusions derived from shorter runs should be interpreted with a fair amount of caution.
Follow-up observations of HS 2201+2610
The O−C diagrams, as well as pulsational amplitudes, derived for HS 2201+2610 have been published elsewhere. An extension of the diagrams for f1 and f2 of this star is work in progress, with significant amounts of new data available by now. In addition to the continuing long-term photometric monitoring data in one filter, multi-colour data and time-resolved spectra have been obtained. Schuh et al. (2009) sketch an idea of how to combine such observations to get an estimate of the orbital inclination i for the companion, which would allow to transform the current m 2 sin i measurement into a true mass m 2 . We note that efforts in this direction have however only indicated so far that a) HS 2201+2610 is probably a slow rotator and that it b) has very small pulsational radial velocity amplitudes.
Long-term O−C diagrams
While the long-term O−C diagrams for HS 2201+2610 are available elsewhere, their construction for HS 0702+6043 is work in progress, and is currently still hampered by the difficulties detailed in section 3.2.
We therefore focus on presenting the preliminary O−C diagrams for HS 0444+0458 here. The overall coverage (a total of 8 month of data) is much shorter here in comparison to HS 2201+2610 and HS 0702+6043, so that obviously no results forṖ or even more complex residuals can be presented yet.
The very important preliminary result for this star, however, is that the O−C diagrams for both its frequencies f1 and f2 look fairly flat within the error bars over the full 8 month period, as can be seen in Fig. 13 and Fig. 14 . This means that HS 0444+0458 is very well suited as a EXOTIME target and definitely worth further follow-up. 
Summary
The main result for HS 0444+0458 so far is that the O−C diagram for its main pulsation frequency f1 is very well-behaved. The O−C diagram for f2 is also approximately flat, but with much larger errors and hence less significance due to the lower S/N. We conclude that the degree of coherence of the pulsations in HS 0444+0458 confirms it as a good target for long-term monitoring. The next few years will show if this reveals a measurableṖ for the star and/or the signature of an orbiting (planetary) companion.
For HS 0702+6043, previously thought to show a relatively simple spectrum in the p-mode domain, it turns out (Francoeur et al. 2010 , and the analysis in this work) that a significant amount of work must first be put into developing a very good understanding of the pulsational behaviour before these pulsations can be used as a tool to deriveṖ or even search for companions.
Discussion
The increasing number of detections of low-mass companions (Silvotti et al. 2007; Lee et al. 2009; Qian et al. 2009; Geier et al. 2009; Geier 2010 ) may indicate the existence of a previously undiscovered population of substellar and planetary bodies around subdwarf B stars. This has renewed interest in the question, initially raised by Soker (1998) , whether planets might be relevant for the formation of subdwarf B stars.
To discuss the possible influence of a substellar companion on the primary star's evolution on the red giant branch, the above systems must be considered individually. In the case of HS 2201+2610 (Silvotti et al. 2007) , for instance, the detected planet is too far out to have strongly influenced the envelope ejection process. On the other hand, when a star forms planets, it often forms full planetary systems with several members, so that a remaining detectable far-out planet may serve as a tracer of previously present closer-in planets, possibly destroyed during the RGB phase. In this sense, the detection of V391 Pegasi b could be interpreted as backing up the suggestion that planets can indeed enhance the mass loss on the RGB in such a way that the subsequent formation of a subdwarf B star is favoured (Soker 2010) . The detection of HD 149382 b (Geier et al. 2009; Geier 2010) may constitute more direct evidence, with the actual object having undergone the common envelope phase still present today.
The situation is different for the tertiary bodies in the eclipsing close binary systems HW Vir and HS 0705+6700 (Lee et al. 2009; Qian et al. 2009 ). The "problem" of "missing" companions that would be needed to explain the formation of the primary subdwarf B star through one of the accepted binary evolution channels has never existed here, as suitable secondary bodies were already known.
The detections of low-mass objects around apparently single sdB stars are therefore the more relevant ones when it comes to the discussion whether such companions can be efficient in forming subdwarf B stars. In particular, the amount of angular moment transferred and hence the modification of the ejection efficiency during a common envelope phase are a matter of debate among theorists. In alternative scenarios, the existence of planets around subdwarf B stars is explained by formation processes leading to second generation planets.
The EXOTIME program has the potential to add to the empirical data available on which such a debate must ultimately be based.
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